Introduction
The drive to replace fossil fuels with renewable energy sources such as solar and wind was accelerated by the energy crisis of the 1970s 1 . Solar energy is abundant, striking the earth at a rate of 90,000 TW, which is 5,000 times our current global power consumption 2 . Generally there are two routes for harvesting solar energy: photovoltaics (PV) 3 and thermal processes. Photovoltaic conversion is the most widespread solar-to-electricity technology, with over 100 GW installed to date 4 . Thermal processes encompass a wide variety of technologies, all of which begin by converting the incident sunlight to heat. This heat can be converted to electricity, as is currently done in concentrated solar power (CSP) plants via a Rankine or combined cycle 5 , solar thermoelectric generators (STEG) 6 , and solar thermophotovoltaics (STPV) 7, 8 . Currently there are 3 GW of installed and under-construction CSP plants in the world, but STEGs and STPV have yet to be commercialized. Solar thermal energy, or the waste heat from the aforementioned solar-toelectricity processes, can also be used for heating or cooling. Nearly 300 GW of solar thermal heat or hot water systems have been installed worldwide 7 .
Fig. 1. A typical solar thermal energy conversion system. Sunlight incident on the absorber (H abs ) is
converted to a heat flux (q h ) and delivered to the thermal system, where the desired output (work, electricity, heat, cooling, etc.) is produced. Waste heat (q c ) may be generated in the process and rejected to a heat sink. Radiative (q rad ) and convective (q conv ) losses at the surface reduce the potential output of the system.
A schematic of a typical solar thermal to electrical energy conversion system is shown in Fig. 1 . In such solar thermal technologies, the sunlight is absorbed as heat at the absorber. This absorber must strongly absorb the sunlight, while ideally losing little heat to the environment via convection and radiation. An absorber which has strong solar absorptance and low infrared (IR) emittance is called a spectrally-selective absorber 9, 10 . In this review, we focus on spectrallyselective absorbers based on cermets, which are mixtures of ceramics and metals. When integrated with an anti-reflection coating (ARC) and an IR-reflective base layer (either an intrinsically IRreflecting substrate or an IR-reflective coating on a substrate), cermet-based coatings (Fig. 2) can be very effective spectrally-selective absorbers. the IR reflector (typically Cu, Al, Mo, or other metal with low intrinsic emissivity) reduces radiation losses. The substrate is usually metal (to conduct heat well) or glass (for lower cost). The cermet comprises a dielectric host (dark red) with metal particle inclusions (circles).
In this review, we begin by summarizing the requirements for solar selectivity, as well as the metrics for evaluating absorbers. We then review the preparation techniques, materials, and performance of cermet-based spectrally-selective absorbers. Finally we present the future outlook for cermet-based absorbers.
Selective Absorber Theory
Absorbers must efficiently convert a solar flux into heat, and deliver that heat to the thermal system ( Fig. 1) . The efficiency of the conversion from solar irradiance at the absorber, H abs , to a heat flux delivered to the thermal system, q h , is defined as the absorber efficiency, η abs :
where σ sb is the Stefan-Boltzmann constant, T h is the absorber temperature, T amb is the temperature of the environment, and h conv is the convective heat transfer coefficient. The solar absorptance, α s , is defined as:
where λ is the wavelength of radiation, φ is the azimuthal angle, θ is the polar angle, ε′ λ is the spectral directional emittance at the operational temperature, and S is the incident solar intensity at the absorber. The numerator of this equation is the total absorbed solar energy; the denominator is the incident solar flux H abs .
The thermal emittance, ε t , is defined as:
where I bλ is the blackbody intensity given by Planck's formula. Although the formulae for the solar absorptance and the thermal emittance look very similar, the fact that the solar intensity and the blackbody intensity for moderate-temperature surfaces are distributed over different wavelength regimes ( Fig. 3) can be utilized to design selective absorbers. By having a large emittance in the solar wavelengths and a small emittance in the infrared, absorbers can have high solar absorptance and low thermal emittance, thus resulting in a high absorber efficiency. Using spectrally-selective surfaces as solar absorbers was first proposed by Tabor in 1955 11 . A similar strategy can be pursued to take advantage of the differences in angular distribution between the solar spectrum and the (isotropic) blackbody spectrum 12 , but that concept is relatively new and will not be discussed in this work. An ideal spectrally-selective absorber has an emittance of 1 at short wavelengths and 0 at long wavelengths, with a sharp transition between the two regimes. The wavelength where the transition occurs, λ t , should be where the blackbody intensity begins to exceed the solar intensity 13 ( Fig. 3 ). As represented in Fig, 3 , the spectral intensity of a 350 °C blackbody exceeds the AM1.5
Direct + Circumsolar solar spectrum beginning at 1.8 µm. For higher-temperature absorbers, the ideal transition wavelength will shift to shorter wavelengths; at higher concentrations, the ideal transition wavelength will shift to longer wavelengths. The ideal transition wavelength is a function of both concentration and temperature ( Fig. 4 ). The ideal transition wavelength is not a smooth function of temperature because the solar spectrum is not a smooth function; the crossover point will not occur at wavelengths where the solar spectrum is essentially zero due to atmospheric absorption. For space-based applications outside of the earth's atmosphere, these gaps would not exist; the optimal transition wavelength would be a smooth function of the hot-side temperature and the optical concentration.
Fig. 4.
Spectrally-selective absorber optimal transition wavelength as a function of hot-side temperature for five different optical concentrations 13 . The discrete jumps result from the fact that the solar spectrum reaching the earth drops to nearly zero around 1.4 µm and 1.8 µm (due to atmospheric absorption), and thus the blackbody spectrum cannot intersect the solar spectrum in these regions.
The ideal emittance profile drops from 1 to 0 at the transition wavelength. However, it is more realistic to assume that an emittance profile would drop down to a small but non-zero value after the transition wavelength. It is important to realize that this correction does not change the ideal transition wavelength in figure 4: the two spectra will cross at the same place regardless of the emittance profile. However, finite long-wavelength emittance does have a strong effect on the absorber efficiency as defined in equation (1). Even a long-wavelength emittance of only 0.01 drastically reduces the efficiency for high-temperature, low concentration applications. Because of this, the transition wavelengths that are worth investigating for terrestrial solar thermal applications are those between 1.6 and 1.8 µm, and between 2.2 and 2.5 µm.
While figure 4 gives a target transition wavelength for a spectrally-selective absorber for a given application (temperature and incident flux), it is also worthwhile to know the relative importance of the solar absorptance and thermal emittance on the absorber efficiency when evaluating real spectrally-selective absorbers. If the surface is enclosed in a vacuum, the convective losses go to zero and the last term in the absorber efficiency equation (Eq. (1)) disappears. This equation can then be simplified as:
where w, the weighting factor between the solar absorptance and thermal emittance, is:
When w is close to 1, the solar absorptance and thermal emittance are equally important for absorber efficiency. When w is much less than 1, the solar absorptance is the critical parameter.
The weighting factor as a function of incident flux is plotted in Fig factor is less than 0.05, showing that solar absorptance is the critical parameter to improve. The benefit of knowing the weighting factor for a given application is that it allows for rapid calculation of the absorber efficiency, which is the best metric for absorber thermal performance. With this knowledge of the ideal transition wavelength as well as the relative importance of the solar absorptance versus the thermal emittance, we will review progress since 1955 on developing spectrally-selective absorbers.
Since the first studies on spectrally-selective coatings by Tabor and Gier in 1955 and after [14] [15] [16] , investigations of various spectrally-selective absorbers have been carried out, such as black chrome coatings prepared by electrodeposition for solar hot water applications [17] [18] [19] [20] , Ni-Al 2 O 3 cermet-based coatings prepared by sputtering and solution-chemical methods [21] [22] [23] , Cr/Cr x O y /Cr 2 O 3 multilayer absorber coatings 24 , thickness-sensitive spectrally selective (TSSS) paints including organic black carbon and inorganic FeMnCuO x pigment 25 , and thickness-insensitive spectrally selective (TISS) paints 26, 27 . Based on the configuration of coatings and the absorption mechanism, these spectrally-selective absorbers can be classified into six types 9 : 1) intrinsically selective, 2) semiconductor-on-metal coatings, 3) multilayer stacks, 4) metal-dielectric (cermet) composites, 5) textured surfaces, and 6) selectively-transmitting coatings on blackbody-like absorbers. However, in practical absorbers not just one but several mechanisms are invoked to achieve better spectral selectivity, such as multilayer cermet-based absorbers which comprise multilayer stacks and metaldielectric composite coatings.
Cermet coatings have been extensively investigated and are now still extensively researched due to their high solar absorptance, low IR emittance, and good thermal stability for mid-and hightemperature applications such as concentrated solar power (CSP) systems and solar thermoelectric generators (STEGs). A cermet is a metal-dielectric composite in which metal is embedded in the dielectric matrix of an oxide, nitride, or oxynitride. A cermet should have ceramic characteristics in the visible spectrum and metallic properties in the IR. The coating thickness, constituents, and metal volume fraction in the matrix, as well as particle size, shape and orientation can affect how strongly the ceramic or metallic characteristics are expressed across the solar and IR spectra. Thicker coatings and smaller particle sizes are beneficial for high absorptance in the visible range. With an increase in particle radius, there is a shift of the visible absorption and scattering, resulting in lower absorption. Thermal emittance in the IR can be decreased by decreasing the coating thickness and increasing the metallic concentration. 28 Though some researchers have reviewed the process of mid-and high-temperature solar selective absorber materials and physical vapor deposited (PVD) spectrally-selective coatings for mid-and high-temperature solar thermal applications 9, 29 , there are few reports focused on cermetbased spectrally-selective solar absorbers. Herein we present a detailed overview of cermet-based spectrally-selective coatings and treatments. We discuss one by one the solar thermal performance of different dielectric materials such as Cr 2 O 3 , Al 2 O 3 , AlN, SiO 2 , and other materials, and give an outlook for cermet-based spectrally-selective absorbers.
Preparation of cermet-based solar absorbers
Many methods such as electroplating, anodization, physical and chemical vapor deposition and solution-based fabrication have been utilized to prepare cermet-based spectrally-selective absorbers.
Electroplating
Electroplating is an electrolytic process in which a metal anode goes into an electrolyte as it is deposited on cathode. Electroplating has been employed to prepare cermet spectrally-selective absorbers, especially black chrome comprising 75 percent chromium and 25 percent chromium oxide, which has been utilized in mid-temperature (~300 o C) parabolic trough solar collector systems 30, 31 . During the deposition process, the plating current density, bath temperature, substrate, and plating time can affect the morphology and performance of the as-prepared film. There are still some issues about nonuniform film thickness, high thermal emittance, and the environmental concerns of electroplating.
Anodizing
Similar to electroplating, anodizing also employs an electrochemical reaction in a special electrolyte to produce a coating. It was first utilized to protect seaplane parts from corrosion.
Anodizing of aluminum is done in a suitable electrolyte, such as an aqueous solution of sulfuric acid, and aluminum is used as the anode in which an electrolytic reaction of aluminum with oxygen generated from the electrolyte takes place, producing an Al 2 O 3 -based cermet. Titanium can also be anodized; the result is a coating whose color is dependent on the thickness of the deposited film. For aluminum, the color can be tuned by changing the preparation parameters such as time, temperature, and current density 32, 33 . Metallic dopants can be added during the anodization process to change the properties of the cermet.
Evaporation
Cermet films can also be created by the condensation of an evaporated material onto the substrate. In the process of thermal evaporation, the heating of material is carried out by a resistive 
Chemical vapor deposition (CVD)
In 1893, the first industrial exploitation of chemical vapor deposition was patented by de Lodyguine, who demonstrated a deposition of W onto carbon lamp filaments via the reaction of WCl 6 and H 2 . CVD is the reaction of gaseous reactants on or near a substrate surface in a heated, lighted, or plasma-filled environment. It can also be used to deposit high-purity, high-performance films. Various kinds of materials, such as semiconductors (Si, Ge, Si 1-x Ge x ), dielectrics (Al 2 O 3 , SiC, TiN, ZrO 2 ), and metal (Pt, W, Au, Cu) films can be developed using CVD. It can also be utilized to prepare solar selective surfaces, for instance, W-based metal oxide coatings used as a black metal spectrally-selective absorbers 37, 38 .
Sputtering
Sputtering is a physical vapor deposition technique wherein a target material surface is eroded by particle bombardment and then condenses on a substrate. Sputtering can be used for large-area deposition. Many industrial applications, such as the deposition of metal films, semiconductor films, and antireflection coatings for optical applications, have been achieved using sputtering. Spectrally-selective solar absorbers have also been extensively developed by sputtering.
Cr-Cr 2 O 3 cermets have been deposited by using Cr and Cr 2 O 3 composite targets with radio frequency (RF) sputtering or using a single Cr target via reaction sputtering in Ar+O 2 gas flow 39, 40 .
Zhang et al. has deposited W-AlN, Mo-AlN, and stainless steel (SS)-AlN cermets by two-target DC sputtering 41, 42 . During the deposition of M-AlN cermet layers, both targets were run simultaneously in the mixture of Ar and N 2 .
Solution-based method
Various nanomaterials and ceramics have been fabricated by employing solution-based methods for many decades. In recent years, some spectrally-selective solar absorbers have been 
Spectral selectivity of cermet-based absorbers
Cermet-based spectrally-selective absorbers have potential for high-temperature applications (over 400 o C). The preparation parameters and selective characteristics are summarized in Table 1 .
We discuss and review the performance of each kind of cermet-based absorber according to the dielectrics used. 20 . The absorptance based on the air mass 2 spectrum (AM 2) and emittance based on the 121 o C blackbody spectrum are 0.868 and 0.088, respectively. The microstructure and thermal stability of black chrome have also been surveyed. Lampert and Washburn investigated the chemical and microstructural stability of black chrome at different temperatures and atmospheres 19 . 
Al 2 O 3 -based cermets

AlN-based cermets
Aluminum nitride, which has high thermal and chemical stability, was chosen as a dielectric As a comparison, the reflectance spectrum of the as-deposited film is also included (dashed curve).
Reprinted from ref. 61 with permission. 
SiO 2 -based cermets
Al
Amorphous silicon dioxide was long used as anti-reflection layer. It can be utilized in cermets as the dielectric material due to its high chemical and thermal stability. The metals Cu, Ag, Au, Ni and Mo embedded in SiO 2 media have been investigated as spectrally-selective coatings [70] [71] [72] [73] [74] .
Cu-SiO 2 cermets prepared by simultaneous evaporation of silicon dioxide and copper with an electron beam heater and electric-resistance heater, respectively, were used as absorption layer for spectrally-selective absorbers by Garnich et al. 72 . The filling factor of metal in the dielectric matrix and the thickness of the cermets can directly determine the spectral selectivity of the coatings. The The dependence of the spectral selectivity on the metal inclusions is depicted in Fig. 15 . For the Cu, Au, Mo, and Ni/SiO 2 absorbers, the IR reflector material is the same metal as the inclusion.
An emittance of less than 0.03 was achieved on the absorbers using Cu or Au as a reflector layer, which is reasonable due to the low emissivity of Cu and Au. Regarding the Ni-SiO 2 cermet absorbers, the emittance of 0.03 was obtained with a bulk aluminum substrate; the high emittance of 0.14 was achieved with a Ni-coated Al substrate. The Mo-SiO 2 based absorber exhibited a low emittance even at 400 o C, indicating its potential for many mid-temperature applications. The Au-SiO 2 based cermet has the lowest solar absorptance and the lowest thermal emittance, indicating the highly reflectivity of Au plays a role across the entire spectrum. 
Other cermets
Other composites such as black nickel and black molybdenum were developed for flat plate solar collectors. Gogna technique was employed to prepare black molybdenum 77 . The optimized spectrally-selective absorbers had a solar absorptance of 0.88 and a thermal emittance of 0.2. Good thermal stability and high adhesion were found on the coatings deposited on galvanized steel sheet and zinc-plated mild steel sheet.
The Zr-ZrO 2 cermets deposited via DC reactive sputtering were used as spectrally-selective coatings for solar absorbers 78 . The optimization of the film configuration was carried out with a numerical model to maximize the absorber efficiency. The optimized film with the structure of 79 . The HMVF SS/SS-N cermets could be obtained at a low nitrogen gas ratio. By increasing the nitrogen gas ratio to 15%, the cermet was gradually changed to LMVF. It evolved into a dielectric material when the nitrogen gas ratio exceeded 17.5%. The three-layer coatings comprising HMVF and LMVF cermet layers and a dielectric layer had a solar absorptance of 0.91 and a thermal emittance of 0.06 at 82 o C, which was close to the predicted value. To extend the application to higher temperatures, HfN-and MoN-based materials were explored as spectrallyselective coatings due to their high thermal stability and excellent optical characteristics. 
Outlook and Conclusion
For high-temperature CSP applications, achieving thermally-stable spectrally-selective absorbers remains a major challenge. One strategy is to explore new materials, including metal inclusions and dielectrics, which have high thermal stability and excellent optical properties for high temperature applications, especially above 500 o C. Stable oxide and nitride materials, such as Y 2 O 3 , ZrO 2 , HfN and TiN, should be extensively investigated. Also, metal inclusions with high melting points and high nitriding and oxidation resistance, such as noble metals, should be an interesting topic for cermet-based spectrally-selective absorbers. Besides choosing stable materials for coatings, avoiding the diffusion of metal at high temperatures is another issue. Pretreatment of stainless steel substrates in air to form oxide coatings can prevent the diffusion between the metallic IR reflector and the substrate 57 . To maximize the absorber efficiency, multiple absorption mechanisms should be employed. As for cermet-based absorbers, we should fully take into account the interference effect with different layers as well as the intrinsic absorption of each cermet layer in the design of multilayer films. Accurate information on the cermet optical constants over a wide wavelength range is needed for simulations of multilayer designs. Regarding the cermet layer, the solar absorption strongly depends on the uniform distribution and suitable size of the metal inclusions in the dielectric, the particle size orientation, the metal volume fraction, as well as other factors. To address degradation, it is necessary to investigate microstructure changes after longduration annealing in air or in vacuum. In pursuit of high absorber efficiency, we should also consider cost and environmental issues. Solution-based methods can meet the requirement of low cost, however the coatings prepared by this method have a relatively low spectral selectivity compared with other techniques. The incorporation of a solution-based method with other techniques, such as CVD, evaporation, or sputtering may balance the cost and performance of the absorber.
In this article, we mainly focused on cermet-based spectrally-selective absorbers. State-ofthe-art cermet materials prepared through various methods, such as electroplating, anodizing, evaporation, CVD, sputtering and solution-based methods, were reviewed based on the different dielectric materials in cermet. Absorbers incorporating cermet coatings based on Cr 2 O 3 , Al 2 O 3 , AlN, SiO 2 , and other materials were introduced one by one and their spectral characteristics were analyzed. The spectral properties of the cermets can be changed by varying the experimental parameters and film configurations to maximize the absorber efficiency.
